The present study was undertaken to examine the antispermatogenic effect of l-CDB-4022 in the adult male cynomolgus monkey. Monkeys (four per group) were dosed via nasogastric tube for 7 d with l-CDB-4022 at 12.5 mg/kg⅐d or vehicle (d 0 ‫؍‬ first day of dosing). Plasma levels of l-CDB-4022 and its deesterified metabolite were nondetectable prior to treatment and in all vehicle-treated monkeys. Peak levels of l-CDB-4022 and its metabolite were observed at 4 h after dosing with steadystate levels apparent around d 4. Sperm concentration and total sperm per ejaculate were decreased to levels below 1 ؋ 10 6 sperm/ml or sperm/ejaculate in l-CDB-4022-treated monkeys by d 17 and remained suppressed through wk 6. Sperm motility also declined to 0% for 6 wk. Testicular volume was reduced in l-CDB-4022-treated monkeys through d 21. The left testis and epididymis were removed from all monkeys on d 24. At this time, the most mature germ cells in the seminiferous tubules of testes from l-CDB-4022-treated monkeys were either spermatocytes or round spermatids. Immature germ cells, but not mature sperm, were found in the efferent ducts and collapsed epididymal lumen of l-CDB-4022-treated monkeys. A steady recovery in sperm motility, concentration, and total sperm per ejaculate was observed in l-CDB-4022-treated monkeys such that these parameters were not different from those of vehicle-treated monkeys by wk 16. Volume of the remaining testis increased in vehicle-and l-CDB-4022-treated monkeys after hemicastration; however, the increase in l-CDB-4022-treated monkeys was delayed compared with that observed in the vehicle-treated monkeys. The morphology of the remaining testis and epididymis, which were removed on wk 17, was normal. Serum inhibin B levels were increased in l-CDB-4022-treated monkeys during the dosing interval; thereafter serum inhibin B levels declined such that there was no difference between the groups by wk 3. l-CDB-4022 treatment did not affect circulating levels of testosterone, LH, FSH, or estradiol. In conclusion, these data indicate that in the cynomolgus monkey, a representative higher primate, l-CDB-4022 exerts a selective antispermatogenic action, which was reversible under the conditions of this study and thus has potential as a nonhormonal oral male contraceptive. (Endocrinology 148: 1784 -1796, 2007) 
I NDENOPYRIDINES, INCLUDING CDB-4022, have been
shown to possess antispermatogenic activity in rats, mice, and dogs (1) (2) (3) (4) (5) (6) (7) (8) (9) . The indenopyridine, CDB-4022, induces infertility in adult male rats; however, this antispermatogenic effect appears to be irreversible unless endogenous testosterone production is suppressed by GnRH agonist or antagonist treatments before administration of CDB-4022 (7, 9) . In contrast, other indenopyridine analogs have been shown to induce reversible infertility in mice, rats, and dogs (1, 2, 4, 6) . Differences in reversible vs. irreversible infertility may be related to differences in the potency of indenopyridine analogs, the dosing regimen used, the dose itself, and/or the species used for testing. Infertility was reversible in the majority of male mice treated with a single oral dose of 10 mg/kg of the indenopyridine Sandoz 20 -438; however, higher doses of 30 or 90 mg/kg resulted in reduced recovery (2) . Thus, indenopyridine analogs may induce reversible infertility at low doses and permanent testicular damage and sterility at high doses.
A series of in vivo experiments in our laboratory indicated that the Sertoli cell was the principal target of CDB-4022 action in the rat (8) , as CDB-4022 demonstrated acute and specific adverse effects on Sertoli cells which included decreased seminiferous tubule fluid secretion, decreased production of the Sertoli cell-specific proteins, inhibin B and androgen binding protein, and vacuolization of Sertoli cell cytoplasm observed at the light microscopic level (8) . Apoptotic germ cells were also observed in acute response to CDB-4022 treatment (8) ; however, the depopulation of the germinal epithelium may have occurred as a secondary response to the effects on Sertoli cells (10) . The finding that the rat Sertoli cell is a primary target of CDB-4022 action may explain our observation of irreversible infertility in this species since the majority of Sertoli cell toxicants cause irreversible infertility (10) . In particular, the degree of Sertoli cell vacuolization and disorganization of the seminiferous epithelium observed in the testes of CDB-4022-treated rats suggest severe structural damage to the Sertoli cells. In contrast, CDB-4022 did not affect Leydig cell morphology or function. Serum testosterone levels were not altered by CDB-4022 treatment, there were no detectable effects on the androgendependent accessory sex organs, and animals exhibited normal libidos (1, 2, 4, 6, 7, 9) . These observations, in combination with the lack of genetic or overt toxicity, and other adverse side effects of indenopyridine analogs (1, 2, 11) , indicate that these antispermatogenic compounds may have utility as male contraceptives. However, demonstration of a reversible antispermatogenic effect of CDB-4022 in primates was critical for its continued development as a male contraceptive. A preliminary study performed in adult cynomolgus monkeys (Hild, S. A., B. J. Attardi, and J. R. Reel, unpublished observation) suggested that the purified l-enantiomer of CDB-4022 induces reversible suppression of sperm production after 1 wk of daily oral dosing. Therefore, we undertook the present systematic study to examine the effects of l-CDB-4022 on the testes, epididymides, and serum hormone levels of sexually mature cynomolgus monkeys.
Materials and Methods Animals
Adult sexually mature male cynomolgus monkeys (Macaca fascicularis) were purchased from Magee Womens Research Institute (Pittsburgh, PA) or Three Spring Scientific, Inc. (Perkasie, PA). All monkeys were bred in China and imported by Primate Products Inc. (Miami, FL). The monkeys (5-9 yr of age; 6.0 -8.5 kg in body weight) were individually housed in stainless steel primate cages under controlled photoperiod (12 h light, 12 h dark) and temperature (20 -22 C) at the University of Pittsburgh Primate Facility. The animals were fed a high-protein monkey chow (Lab Diet 5045; PMI Nutrition International, Brentwood, CA), which was supplemented with fresh fruits and/or vegetables daily. Drinking water was provided ad libitum. The study protocol, including dispensation for social grouping, was approved by the University of Pittsburgh's Institutional Animal Care and Use Committee, and animals were maintained according to the National Research Council Guide for the Care and Use of Laboratory Animals (12) .
-c]pyridine-hydrochloride (also known as RTI-4587-073), was synthesized by Research Triangle Institute (Research Triangle Park, NC) and was considered more than 98% pure based on HPLC analysis (Fig. 1) . The CDB-4022 studied previously (7-9) was a racemic mixture of l-and d-enantiomers, whereas the purified l-enantiomer was used in this study because it is the active enantiomer (5, 13). Bouin's solution, modified Davidson's fixative, and other reagent or molecular biology grade chemicals were purchased from Sigma-Aldrich Inc. (St. Louis, MO).
Treatment
The study design is depicted in Fig. 2 . Male monkeys (four per group) were dosed using a nasogastric tube with either vehicle or l-CDB-4022 at 12.5 mg/kg⅐d on d 0 -6 of the study (wk 0; d 0 ϭ first day of dosing). l-CDB-4022 was formulated in 50% ethanol/bacteriostatic water at a concentration of 12.5 mg/ml and dosed at 1 ml/kg body weight. Monkeys were sedated with ketamine hydrochloride (100 mg per monkey im; Ketaject; Phoenix Scientific Inc., St. Joseph, MO) for insertion of the nasogastric tube. Before dosing on d 1-6, monkeys were fed a portion of banana, and the nasogastric tube was flushed with water instead of vehicle to prevent emesis.
Collection and analysis of plasma for l-CDB-4022 and its de-esterified metabolite
Blood samples (3 ml each) were obtained from all monkeys on d 0, before treatment, and at 4 and 8 h after the initial dose and then daily on d 1-7 and 15 to determine plasma levels of l-CDB-4022 and its deesterified metabolite. Plasma was harvested and stored at Ϫ20 C until analyzed by liquid chromatography and tandem mass spectrometry (LC-MS-MS). The deesterfied metabolite is the proposed active form because of its rapid production from l-CDB-4022, and the authentic carboxylic acid of l-CDB-4022 exhibited potent antispermatogenic activity in the mouse (5). LC-MS-MS analyses were performed under the direction of Dr. Arijan Grootenhuis (N.V. Organon, Oss, The Netherlands).
All solvents were of HPLC grade and were obtained from JT Baker (Philipsburg, NJ). Demineralized water was prepared using a Milli-Q system (Millipore, Molsheim, France), and analyses were performed on a API 4000 mass spectrometer (Applied Biosystems, Palo Alto, CA), operated in positive APCI mode. Processed samples were injected on a C18 HD cartridge of a Symbiosis system (Spark Holland, Emmen, The Netherlands) in XLC mode (on-line SPE). The column was washed with demineralized water containing 0.1% formic acid, followed by 20% methanol and 0.1% formic acid in water. The sample was eluted from the cartridge in focusing mode using a solution of 95% methanol, 4.9% water, and 0.1% formic acid. After elution from the SPE cartridge, the sample was focused on the analytical column (Polaris C18A, 50 ϫ 3 mm, 5 m) and eluted using a 1.5-min gradient from 22 to 95% methanol in demineralized water containing 0.1% formic acid at a flow rate of 1 ml/min. Quantitative analyses were performed with the multiple reaction monitoring mode: m/z 4763245 for l-CDB-4022 and m/z 4623262 for its metabolite. 3D-testosterone (CAS no. 77546 -39-5; CDN-Isotopes, Québec, Canada) was used as an internal standard to control for system performance (m/z 292397).
Stock solutions of l-CDB-4022 and the carboxylic acid of l-CDB-4022 were prepared in dimethylsulfoxide (DMSO) at 100 m which was diluted further to prepare standards of 1 nm to 20 m in DMSO. Calibrators were prepared by adding one part of blank plasma, one part of DMSO standard, and four parts of acetonitrile containing 3D-testosterone, the internal standard. All these procedures were automated using a Tecan automated liquid handler (Genesis 150; Tecan, Seattle, WA). Quality controls were prepared by diluting the 100 m standard in DMSO with blank plasma to create controls of 1, 10, 100, 1,000, and 10,000 nm. The precipitated standards, quality controls, and samples were vortexed for 15 min and centrifuged for 20 min at 10,000 rpm in 96 deep-well plates. After centrifugation, the plate was transferred to the autosampler, which left the protein pellets at the bottom of the wells. The limit of detection was 1 nm for both l-CDB-4022 and the carboxylic acid of l-CDB-4022. Assay variations for l-CDB-4022 and the carboxylic acid of l-CDB-4022 were 7.3 and 5.1%, respectively, for between assays and 11.6 and 3.6%, respectively, for within assays.
Semen collection and analysis
Semen samples were collected from each monkey by electroejaculation, using a rectal probe (14) weekly for 3 wk before treatment to establish baseline sperm parameters. Monkeys were sedated as described above. Semen samples were analyzed microscopically, and sperm concentration and motility were determined. Total sperm per ejaculate was calculated based on sperm concentration and ejaculate weight (14) . Semen volumes in this study were 213 Ϯ 31 l (mean Ϯ se, n ϭ 136 
Testicular volume
Testicular dimensions were measured with calipers weekly to determine the length and width of the testis while the monkeys were sedated with ketamine hydrochloride (see above). Testicular volume was calculated from these measurements using the formula for an ellipsoid as described by Marshall et al. (14) . These measurements were obtained once per week for 3 wk before treatment to establish a baseline testicular size and continued until each testis was surgically removed. The mean of the three baseline measurements for each monkey was used to define pretreatment (assigned 100%), and subsequent measurements were expressed as percent of pretreatment.
Morphological evaluation of testes and epididymides
Surgical removal of the left testis and epididymis of all monkeys was performed on d 24 after weekly measurements of testicular volume and sperm counts observed from d 0 -17 indicated maximal disruption of spermatogenesis had been achieved. Animals were sedated with ketamine hydrochloride and anesthetized by isoflurane inhalation (1-2% in oxygen; Abbott Animal House, North Chicago, IL), and all surgical procedures were performed under sterile conditions. On the day of surgery and for 3 d thereafter, the animals received a single im injection of penicillin (Pen-G, 300,000 U; Phoenix Scientific Inc., Fort Dodge, IA). Analgesia was achieved with ketoprofen (2 mg im twice daily for 4 d; Fort Dodge Animal Health, Fort Dodge, IA). The right testis and epididymis of all monkeys were surgically removed on wk 17 after full restoration of spermatogenesis in the remaining testes was apparent from measurements of testicular volume and sperm counts. The freshly excised epididymis was carefully dissected from the testis such that the efferent ducts remained intact. This was accomplished by taking a portion of the rete testis with the epididymis. The entire epididymis was preserved in modified Davidson's fixative, embedded in glycol methacrylate medium, and sections (2 m) were evaluated for morphological changes (15) . Portions of the testis were preserved in Bouin's solution, embedded in paraffin, and 5-m sections prepared for morphological assessment (16) .
Collection and analysis of serum for hormone measurements
Blood samples (3 ml each) were collected weekly from wk Ϫ3 through 16 of the study for all monkeys, and on d 0 -6, before administration of the daily dose and on d 7, approximately 24 h after the last dose. Serum was harvested and stored at Ϫ20 C until shipment to BIOQUAL for hormone assays.
Serum samples were assayed for inhibin B using a specific ELISA (Serotec, Oxford, UK), testosterone and estradiol using specific RIAs (Diagnostic Products Corp., Los Angeles, CA), and FSH and LH by RIA using reagents supplied by Dr. A. F. Parlow (National Hormone and Peptide Program, Torrance, CA). The concentrations of the recombinant cynomolgus monkey LH (rec-moLH-RP-1) and FSH (rec-moFSH-RP-1) standards were expressed as g/ml when they were reconstituted. The sensitivities of the rec-moFSH and rec-moLH RIAs were 0.065 and 0.572 ng/tube, respectively, and 200-l aliquots of serum were used in each assay. All samples were analyzed in a single assay, ELISA or RIA. The limits of detection for the volumes assayed and the intraassay variations, respectively, were as follows: 15.6 pg/ml and 3.8% for inhibin B, 0.08 ng/ml and 2.7% for testosterone, 11.01 pg/ml and 6.8% for estradiol, 0.32 ng/ml and 1.3% for moFSH, and 2.86 ng/ml and 3.4% for moLH. Although this LH assay was unusually insensitive, LH levels were detectable in all samples, and, therefore, the insensitivity did not impact the assay results.
Statistical analysis
All statistical analyses were performed using SigmaStat for Windows (version 3.00; SPSS Inc., Chicago, IL). All tests were two tailed with significance set at ␣ ϭ 0.05. For all parameters examined, the data failed to meet the basic test assumptions of normal distribution and/or homogeneity of variances for a parametric two-way ANOVA for repeated measures (ANOVA-RM) for the full 16-wk study interval. Therefore, statistically significant effects of treatment, vehicle vs. l-CDB-4022, on sperm concentration, sperm per ejaculate, and sperm motility were detected by a series of one-way ANOVA-RM tests with comparisons to wk 0 as control. Friedman's ANOVA-RM on ranks followed by StudentNewman-Keuls post hoc test for a significant F value was used to detect differences in sperm per ejaculate and sperm concentration, whereas a parametric one-way ANOVA followed by Holm-Sidak post hoc test was used to detect differences in sperm motility. Since hemicastration is known to affect testicular function, particularly with regard to testicular size, potential treatment effects on right testicular volume were detected by two-way ANOVA-RM on data for wk 0 -3 (hemicastration performed on d 24). Because a significant treatment ϫ time interaction was observed, one-way ANOVA-RM tests were performed on the data for each treatment group (vehicle and l-CDB-4022) to clarify time related effects. To evaluate treatment effects on circulating hormones, we focused on the dosing interval. The area under the curve was determined for levels of each hormone for wk 0 -1, and a Student's t test was used to detect potential differences between the two treatment groups (vehicle vs. l-CDB-4022). If a significant difference was detected, one-way ANOVA-RM tests were performed to detect significant differences in daily levels, compared with d 0. Differences that were statistically significant based on P Ͻ 0.05 are noted in the text, whereas nonstatistical changes that may still be biologically relevant are simply mentioned.
Results

Circulating levels of l-CDB-4022 and its metabolite
Plasma levels of l-CDB-4022 and its deesterified metabolite were below the limit of detection (1 nm) in monkeys dosed with the vehicle (not shown) and in l-CDB-4022-treated monkeys before treatment (time 0; Fig. 3 ). Peak levels of l-CDB-4022 and its deesterified metabolite were observed in the plasma at 4 h after dosing. Both l-CDB-4022 and its deesterified metabolite reached steady-state levels around d 4 of dosing. It was particularly noteworthy that plasma levels of the deesterified metabolite were approximately 10-fold greater than the levels of the parent compound. This observation implies that the parent compound is rapidly converted by esterases to the deesterified metabolite.
l-CDB-4022-induced oligospermia and recovery
Pretreatment evaluation of semen samples indicated that the eight monkeys assigned to this study exhibited normal sperm parameters. Treatment with the vehicle had no effect on sperm concentration, sperm per ejaculate, and sperm motility (P ϭ 0.331, 0.188, and 0.919, respectively). Sperm concentration and total sperm per ejaculate were greatly increased on d 3 in l-CDB-4022-treated monkeys (P Ͻ 0.05) but not vehicle-treated monkeys (Fig. 4) . Thereafter sperm concentration and total sperm per ejaculate decreased to levels less than 1 ϫ 10 6 sperm/ml and 1 ϫ 10 6 sperm/ ejaculate by d 17, indicating severe oligospermia (Fig. 4) . l-CDB-4022's effect on sperm concentration was significant (P Ͻ 0.05) on wk 4 (0.11 ϫ 10 6 sperm/ml vs. 183.10 ϫ 10 6 sperm/ml on wk 0). After a significant increase (P Ͻ 0.05) in sperm motility on d 3, sperm motility dropped to 0% in all four l-CDB-4022-treated monkeys by d 17 (Fig. 5) , and testicular volume was significantly suppressed (P Ͻ 0.05) in l-CDB-4022-treated monkeys through wk 3 (Fig. 6 ). After hemicastration, sperm concentration and total sperm per ejaculate declined slightly, but not significantly, in the vehicle-treated monkeys by wk 6 and remained at this lower level through wk 10 (Fig. 4) . By wk 12-14, these parameters were similar to those observed in the monkeys before treatment (253.00 ϫ 10 6 sperm/ml at wk 14 vs. 208.71 ϫ 10 6 sperm/ml for mean pretreatment value and 30.70 ϫ 10 6 sperm/ejaculate at wk 14 vs. 36.39 ϫ 10 6 sperm/ejaculate for mean pretreatment value). An increase in right testicular volume was apparent by wk 6 in vehicle-treated monkeys (Fig. 6) , and this continued to increase until reaching a plateau at wk 11. Sperm concentration and total sperm per ejaculate remained suppressed to less than 1 ϫ 10 6 in l-CDB-4022-treated monkeys through wk 6 (mean values of 0.11, 0.08, 0.01, and 0.65 ϫ 10 6 sperm/ejaculate on wk 2.5, 3, 4, and 6 vs. pretreatment value of 23.58 ϫ 10 6 sperm/ejaculate), indicating induction of severe oligospermia. Sperm motility was 0% in all four l-CDB-4022-treated monkeys through wk 6 (Fig. 5) . Indeed, sperm motility was significantly suppressed (P Ͻ 0.05) in l-CDB-4022-treated monkeys on wk 1.4 (d 10), 2, 2.4 (d 17), 3, 4, 6, 10, and 14. A gradual increase in sperm concentration, total sperm per ejaculate, and sperm motility was observed in the l-CDB-4022-treated monkeys through wk 12 (Figs. 5 and 6 ). However, one l-CDB-4022-treated monkey (no. 3178) exhibited a delay in recovery, compared with the other three monkeys in this group. It is interesting to note that monkey 3178 also exhibited the highest plasma levels of l-CDB-4022 and its metabolite. By wk 16, all four l-CDB-4022-treated monkeys exhibited sperm concentrations and total sperm per ejaculate, which were not different from those observed in vehicle-treated monkeys. As observed in vehicle-treated monkeys, right testicular volume increased in l-CDB-4022-treated monkeys after hemicastration but remained less than was observed in vehicle-treated monkeys until wk 10 (Fig. 6) . A delayed increase in right testicular volume in monkey 3178 correlated with the time lag in sperm recovery in this monkey.
Testicular and epididymal morphology
Normal testicular morphology, namely seminiferous epithelium consisting of Sertoli cells and germ cells through testicular spermatozoa, was observed in the left testes of the four vehicle-treated monkeys (Fig. 7, A and B) . In the l-CDB-4022-treated monkeys, seminiferous tubules on d 24 were smaller in diameter and exhibited a reduction in the number of spermatocytes and round spermatids, whereas few, if any, elongated spermatids were present (Fig. 7, C-E) . The fourth monkey, no. 3178, had seminiferous tubules that were conspicuously lacking both round and elongated spermatids (Fig. 7F) . This finding correlates with the delay in recovery of spermatogenesis, as detected by testicular volume and sperm counts, in this monkey. By wk 17, the morphology of the right testes obtained from the l-CDB-4022-treated monkeys was similar to that observed in vehicle-treated monkeys, particularly in regard to the presence of testicular spermatozoa (Fig. 8) .
Morphological evaluation of the left efferent ducts and epididymides removed on d 24 was consistent with the antispermatogenic effect of l-CDB-4022 on the testis (Fig. 9) . In the left efferent ducts of l-CDB-4022-treated monkeys, no sperm were present, the lumen was collapsed, and the nonciliated cells appeared to be regressed (Fig. 9 , B and C), compared with vehicle-treated monkeys (Fig. 9A ). There were no or few mature sperm in the lumen of the entire epididymis of the l-CDB-4022-treated monkeys, whereas ma- ture sperm were present in the epididymis of the vehicletreated monkeys (Fig. 9, D and F) . The lumen was collapsed throughout the three regions of the epididymis, and periodic acid-Schiff-positive material was observed in the lumen of the cauda epididymis. Round spermatids, pachytene spermatocytes, and cytoplasmic bodies were also observed in the epididymal lumen of l-CDB-4022-treated monkeys (Fig. 9G) . For the most part, the epididymal epithelium appeared normal in l-CDB-4022-treated monkeys. However, abnormal basal cells, which were round and eosinophilic with pleomorphic nuclei, were present in the caput and corpus epididymis (Fig. 9E) . These abnormal cells were more prominent in the caput epididymis and occasionally were seen migrating toward the lumen. Epithelial cysts were also observed in the cauda epididymis of l-CDB-4022-treated monkeys (Fig. 9H) . All of these morphological effects in the efferent ducts and epididymis appeared to be completely reversible, as the right efferent ducts and epididymis from l-CDB-4022-treated monkeys obtained at wk 17 appeared normal (Fig. 10) . 
Treatment effects on circulating hormones
Serum levels of testosterone tended to range between 2 and 4 ng/ml throughout the study in both vehicle-and l-CDB-4022-treated monkeys (Fig. 11A ). There were no differences between the two treatment groups (P ϭ 0.737). Likewise, serum LH levels averaged around 4 ng/ml in both vehicle-and CDB-4022D-treated monkeys and were not different (P ϭ 0.817) between the two groups (Fig. 11B) . Hemicastration also did not appear to affect serum testosterone or LH levels measured in weekly blood samples.
Serum inhibin B levels exhibited a slight, but not significant, decline after the first dose, followed by a significant increase (P Ͻ 0.05) for the duration of the 7-d l-CDB-4022 dosing interval (Fig. 12A) . Thereafter serum inhibin B levels declined such that there was no difference between the two treatment groups by wk 3. After hemicastration, serum inhibin B levels were decreased by 50% and remained at this new set point for the duration of the study. Although inhibin B levels were increased during l-CDB-4022 treatment, serum FSH levels were not suppressed during this interval (Fig.  12B ). There was no significant difference (P ϭ 0.102) in circulating FSH levels between vehicle-and l-CDB-4022-treated monkeys over the treatment interval. Hemicastration resulted in a sustained increase in serum FSH levels in both vehicle and l-CDB-4022-treated monkeys. There appeared to be a slightly greater increase in serum FSH levels in l-CDB-4022-treated monkeys, compared with that in vehicle-treated monkeys after hemicastration. However, serum levels of FSH were equivalent in both treatment groups by wk 12.
As observed for testosterone, there were no effects of treatment on the low, but detectable, circulating levels of estradiol in these adult monkeys (P ϭ 0.748, not shown). Likewise, hemicastration had no discernible effect on mean serum estradiol levels, which ranged from 14 to 35 pg/ml.
Discussion
The results of this study indicated that l-CDB-4022 consistently induced severe, but reversible oligospermia (less than 1 ϫ Recovery from l-CDB-4022 treatment was complete based on sperm number in the ejaculates, which were equivalent to pretreatment values, and on testicular and epididymal morphology at wk 17. Unlike our previous results in the rat (7, 9) , the antispermatogenic effects of l-CDB-4022 on the primate testis were reversible. The testis appeared to be the primary target of l-CDB-4022 action, whereas the effects on the efferent ducts and epididymis were likely to be secondary. The epithelium of the efferent ducts is dependent on stimulation by androgen and estrogen from the luminal fluids, and in the absence of fluid, the nonciliated cells typically regress (17, 18) . In the present study, l-CDB-4022 resulted in regression of nonciliated cells, whereas ciliated cells of the efferent ducts appeared normal. These results suggest a loss of testicular fluid secretions, which normally contain estrogen (19) , entering the efferent ducts in l-CDB-4022-treated monkeys. Alternatively, l-CDB-4022 may be having a direct effect on the nonciliated cells, possibly decreasing the expression of estrogen receptor ␣, which could result in the observed effects, as seen in other animal models (15, 18) . We were unable to detect any effect of l-CDB-4022 treatment on serum levels of estradiol; however, the proposed effect at the level of the efferent ducts and epididymides would not necessarily be detected in the circulation (19) . The principal cells appeared fairly normal, suggesting that androgen stimulation was adequate to maintain their structure (20) . Morphological effects noted in the basal cells were unusual, and this cell type appeared to be more susceptible to the effects of l-CDB-4022 than principal cells. This could be due to a difference in the origin of these cells. Basal cells are hypothesized to be derived from immune cells or immune-associated cells (21) , whereas the other cells of the epididymides arise from the Wolffian duct (22) . This difference in cell origin may be responsible for their differential response to l-CDB-4022. The basal cells also appear to be more sensitive to loss of luminal contents because they lose their expression of aquaporin 3 after efferent ductule ligation (23) . These effects of l-CDB-4022 were completely reversible after cessation of treatment. Normal concentrations of sperm were present in the epididymal lumen, and the epithelium of both the efferent ducts and epididymides appeared normal at wk 17.
l-CDB-4022 appeared to have no major effect on the endocrine system, except for the paradoxical changes in inhibin B release from the Sertoli cell of the testis during the treatment interval. Serum inhibin B levels were initially decreased slightly after the first dose of l-CDB-4022 followed by a significant increase for the duration of the dosing interval. Inhibin B is the major testicular component of the negative feedback loop regulating FSH secretion in the closely related rhesus monkey (24) , and therefore, the lack of suppression in circulating FSH levels during the dosing interval when inhibin B was elevated is surprising. The reason for this is unknown but may be related to concomitant increases in circulating or local levels of activin or other members of the TGF␤ superfamily (such as bone morphogenetic proteins) with opposing actions. Thus, inhibin, acting through its coreceptor, betaglycan, can compete with activin for binding to type II activin receptors to block activin signaling, a consequence of which is to suppress synthesis and secretion of FSH at the pituitary level (25, 26) . However, parallel increases in circulating or local levels of activin or other TGF␤ family members could override inhibin's binding to activin receptors and, thus its negative feedback effect on FSH. On the other hand, the lack of an effect on the LH/testosterone feedback axis indicates that, like in the rat, l-CDB-4022 does not affect Leydig cell function in higher primates. This find- ing bodes well for the continued development of l-CDB-4022 as a potential contraceptive for men.
The changes in serum inhibin B levels in l-CDB-4022-treated monkeys suggest that l-CDB-4022 acts, at least in part, by affecting Sertoli cell function. In the rat, the Sertoli cell appears to be the primary target cell in the testis, with serum inhibin B levels dropping to nondetectable levels in rats rendered irreversibly infertile (8, 9) . In contrast, the antispermatogenic effect in monkeys was spontaneously reversible, and serum inhibin B levels were increased after a slight decline on d 1. An increase in serum inhibin B levels was also observed in response to CDB-4022 treatment in rats that had received acyline, a GnRH antagonist, for 4 wk before the single oral dose of CDB-4022 (9). These acyline-pretreated rats exhibited reversible infertility after treatment with CDB-4022. Thus, increases in serum inhibin B levels were associated with reversibility of CDB-4022-induced antispermatogenic effects in both species. Additional experiments using a nonhuman primate model, such as the monkey, are required to elucidate the testicular target cell and mechanism of action of l-CDB-4022. Differences in reversibility, the onset of the antispermatogenic effect (within 2 wk in the monkey vs. 4 wk in the rat), and the effects on inhibin B secretion from the Sertoli cell suggest that the mechanism of action of l-CDB-4022 in primates differs to some degree from that in the rat.
The results associated with hemicastration of the male monkeys in this investigation are consistent with those from a previous study in rhesus monkeys (27) and confirm that the adult primate testis undergoes compensatory hypertrophy. After hemicastration, right testicular volume increased in both vehicle-and l-CDB-4022-treated monkeys. The increase in right testicular volume in l-CDB-4022-treated monkeys presumably reflects both recovery from the antispermatogenic effect of l-CDB-4022 and compensatory hypertrophy, as testicular volumes increased to levels comparable with those in vehicle-treated monkeys by wk 10. Associated with the increase in testicular size, sperm numbers increased such that by wk 17, the values were similar to those obtained before treatment. These data confirm that the monkey testis does not function at maximal spermatogenic capacity and therefore, unlike the rodent testis, is able to compensate after removal of one testis (27) . In addition, hemicastration had no apparent effect on weekly serum levels of LH and testosterone, suggesting that steroidogenic compensation occurred in less than 1 wk. This result concurs with the study in rhesus monkeys in which compensation of the LH/testosterone pathway occurred within 48 h after hemicastration. However, inhibin B levels decreased by 50% after hemicastration, and a sustained increase in serum FSH levels was observed in both vehicle and l-CDB-4022-treated monkeys. These data confirm that, in adult macaques, the remaining testis cannot compensate in terms of inhibin B synthesis and secretion, which is presumably limited by the finite number of Sertoli cells in the remaining testis (27) . The sustained increase in serum FSH levels was presumably due to reduced circulating inhibin B, the major negative feedback signal regulating FSH in the monkey (24) , and suggest that the inhibin-FSH feedback loop was operative again at this point.
At present, there are few new promising candidates for male contraceptives, particularly orally active treatments. The only reliable and Food and Drug Administration-approved methods are condoms or vasectomy, and both have several limitations. Steroid hormonal contraceptives are en- tering phase III clinical trials and may be reaching the marketplace within a few years (28 -30) . However, hormonal contraceptives still have disadvantages including the long delay between initiation of treatment and induction of infertility and the lack of a long-acting injectable or orally active androgen as part of the treatment regimen. Other proposed nonhormonal male contraceptives including gossypol and tripterygium have not moved forward due to low efficacy and/or toxicity issues (31) . An alkylated imino sugar, NB-DNJ (N-butyldeoxynojirimycin), appeared to be a promising candidate in mice; however, a recent study in men indicated a lack of efficacy and undesirable side effects (32) . Results from the present study indicate that l-CDB-4022 has potential as a nonsteroidal oral contraceptive in men because it induced reversible severe oligospermia in primates after seven daily oral doses. The onset of oligospermia was rapid (within 2 wk of initiation of dosing) and spontaneously reversible after a sustained interval of oligospermia (ϳ6 wk). The lack of genetic or overt toxicity and other adverse side effects of indenopyridines supports the continued development of these compounds, including l-CDB-4022, for male contraception (1, 2, 11, 33) .
In conclusion, seven daily oral doses of l-CDB-4022 induced reversible severe oligospermia in nonhuman primates without affecting circulating hormone levels, except for a transient increase in inhibin B levels. The testis appeared to be the primary target of l-CDB-4022 action with secondary effects on the efferent ducts and epididymis due primarily to a decrease in luminal content and loss of testicular factor(s). Further studies are required to elucidate the target cell type(s), Sertoli and/or germ cell, of l-CDB-4022 action in the primate testis. The results of this study suggest that the mechanism of action in the primate testis may differ from that in the rat. In particular, the antispermatogenic effect in the monkey was spontaneously reversible under the conditions of this study, whereas a single oral dose of l-CDB-4022 induced infertility in rats that was irreversible. Continued development of l-CDB-4022 as a male contraceptive is dependent on favorable results in additional long-term dosage efficacy studies in nonhuman primates and minimal toxicity in safety studies.
